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SHOCK FRONT STRUCTURE - A CHEMICAL KINETICS VIEW 
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INTRODUCTION 

In the analysis of shock front structures in real gases, intermolecular proc- 
esses which fall within the province of chemical kineticists play a dominant role. 
The determination of shock front profiles in density, temperature and in the con- 
centrations of chemical species, provide kineticists with powerful techniques f o r  
exploring mechanisms for reactions which cannot be studied otherwise. This has 
been recognized for over a decade. Advances made in the state of the art through 
1963 can be measured by the content of an 850-page treatise on shock tubes by 
H. Oertel(l), which covers theory, practice and applications in a detailed and 
thorough manner. More recent assessments may be obtained from the 94 abstracts 
of papers which were submitted f o r  presentation at the 6th International Shock 
Tube Symposium !2) and the 37 reports given at the AGARD Colloquium on "Recent 
Advances in Aerothermochemistry. " (3) 

In this summary attention is called to several developments which have advanced 
the "state of the art" during the past year. 
there is continued emphasis on the improvement of experimental techniques. These 
center around cleanliness of operation (good vacuum technique, insistence on low 
leak rates, etc.), the use of polished inner walls to reduce boundary layer 
perturbations, improved control of species concentrations, increased precision in 
shock speed measurements, refinement in sensitivity and reduction of response 
times for diagnostic devices used in recording the profiles of shock fronts, etc. 
In addition there is greater sophistication in the design of experiments. The 
improvements may be categorized into three groups: (1) use is being made of newly 
available devices, such as lasers; (2 )  it is now general practice to record in 
many channels concurrently, such as the mass spectra of several species, the con- 
current recording of emission and absorption spectra at different wavelengths 6 s  
3 function of time; (3) combining shock tube techniques with other techniques f o r  
the preparation of samples to be studied; for example, preliminary flash photolysis 
o r  imposition of a glow discharge through the sample prior to its being exposed to 
the shock wave. Along with increased sophistication in the performance of experi- 
ments, extended computer programs are used routinely, both for equilibrium com- 
positions and f o r  obtaining kinetic profiles; also, to facilitate data reduction. 

These trends will continue because they have already proved their worth, but 

A brief overall assessment shows that 

they occur at the expense of increased complexity in equipment, leading inevitably 
to the need for collaboration among several persons in operating a facility. What 
remains for the lone experimenter? It appears to me that for some time to come the 
single-pulse shock tube technique will remain one of a few individualistic activities. 
The investigator will have to be ingenious in designing kinetic experiments in which 
knowledge of the concentrations of species after a specified reaction time permits 
an identification of a mechanism. Single-pulse shock tubes allow the exploration of 
complex systems in a qualitative manner, and provide the basis for  selecting reactions 
which are critical steps in a complex reaction scheme for detailed study by other 
techniques. 
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TECHTUQUES AND DIAGNOSTIC DEVICES 

A r e p r e s e n t a t i v e  s e l e c t i o n  of i n t e r e s t i n g  developments i n  technique is 
presented  i n  Table 1. The use  of  narrow e l e c t r o n  .beams for .  e x c i t i n g  molecular 
s p e c t r a  i n  a flowing medium m e r i t s  an a d d i t i o n a l  comment. The c h a r a c t e r i s t i c  
s p e c t r a  exc i t ed  permit i d e n t i f i c a t i o n  of t he  s p e c i e s  p r e s e n t ,  and an  e s t ima t ion  
of t h e i r  d e n s i t i e s  ( i f  p roper  c a l i b r a t i o n s  a r e  made). V ib ra t iona l  and r o t a t i o n a l  
temperatures can be obta ined  from band contours .  In t h e  hands of a c a r e f u l  experi- 
m e n t a l i s t ,  t h i s  technique may g ive  t r a n s l a t i o n a l  speeds a s  w e l l  (Doppler widths of 
s p e c t r a l  l i n e s ) .  For example, i n  a sup@yonic je t  of n i t rogen  expanding from room 
temperature i n  an axi-symmetric nozz le ,  t he  r o t a t i o n a l  tempera ture  was observed 
to fo l low t h e  i s e n t r o p i c  c u r v e  i n i t i a l l y ,  but a t  t h e  lower temperatures t h e  
r o t a t i o n a l  population " f roze"  t o  a f ixed  d i s t r i b u t i o n  l ead ing  t o  a s u b s t a n t i a l  
degree  of non-equilibrium. 

Perhaps one of  t h e  m o s t  s e n s i t i v e  dev ices  f o r  measuring g r a d i e n t s  a t  a shock 

Gradien ts  a s  l o w  a s  loe5 gd l i te r  mm can be de t ec t ed  i n  argon, and 
f r o n t  wi th  h igh  r e s o l u t i o n  is  the  l a s e r s c h l i e r i e n  method descr ibed  by Kie f fe r  
and Lutz.(") 
c h a r a c t e r i s t i c  times ( l a b  s c a l e )  a s  s h o r t  a s  0 . 2 ~  sec. have been measured. 
V ib ra t iona l  r e l a x a t i o n  t i m e s  f o r  hydrogen and deuterium have thus  been q u a n t i t a t i v e l y  
determined for t he  f i r s t  t ime.  Th i s  technique h a s  been e f f e c t i v e l y  used t o  scan 
t h e  h e a t  r e l e a s e  p r o f i l e  d u r i n g  the  high temperature ox ida t ion  of ace ty l ene ,  (12) 

The bes t  i l l u s t r a t i o n  of concurrent multichannel record ing  t o  provide a l a r g e  
amount of information f o r  a s i n g l e  shock, and thus  t o  c o r r e l a t e  a v a r i e t y  of 
parameters ,  is the  use of a rapid-scan mass spec t rometer .  A t ime-of - f l igh t  
spec t rometer  cou l e d  to a shock tube  v ia  a minute l eak  has  been descr ibed  by 
Kistiakowsky, (13' Dove,(14) D i e s e n ( 1 5 x n d  Modica. (16) 
of a quadruple mass f i l t e r  f o r  t h e  a n a l y s i s  of products  e x t r a c t e d  from a back- 
r e f l e c t e d  shock has been r e c e n t l y  repor ted  by Gutman. (17) As descr ibed  t h i s  
r e l a t i v e l y  l o w  c o s t  ins t rument  could be set to record  only  one mass a t  a time; 
however, c u r r e n t  developments i n  Gutman's l abora to ry  i n d i c a t e  t h a t  i t  may be 
poss ib l e  t o  s e t  f o u r  mass f i l t e r s  f o r  concurren t  record ing .  The f i d e l i t y  of 
sampling of back-ref lected shocked gases  through 0.002 inch  a p e r t u r e s  remains t o  
be demonstrated. To avoid confus ion  of t h e  d e s i r e d  sample wi th  end-wall cooled 
gases  and boundary l a y e r  p e r t u r b a t i o n s ,  Marsters(") e x t r a c t s  t h e  sample from a 
r a p i d l y  quenched i n c i d e n t  shock and by a sequence of  l a r g e  a p e r t u r e  nozz les  con- 
v e r t s  t h e  j e t  t o  a molecular  beam f o r  a n a l y s i s  by a t ime-of - f l igh t  spec t rometer .  

The success fu l  app l i ca t ion  

There is an i n t r i g u i n g  p o s s i b i l i t y  of us ing  a small mass spec t rometer  to  de tec t  
t h e  o n s e t  of i o n i z a t i o n  ( i n  p a r t i c u l a r ,  t h e  o n s e t  of production of a p a r t i c u l a r  
s p e c i e s )  and c o r r e l a t i n g  t h i s  p r o f i l e  with spec t roscop ic  d a t a  (chemiluminescence, 
or the  appearance of  a c h a r a c t e r i s t i c  abso rp t ion ) .  In  this  connection one should 
mention t h e  success fu l  a p p l i c a t i o n  of a N i e r t y p e  mass spec t rometer  by Sturtevant(l ' )  
who demonstrated t h a t  t h e  f i r s t  i ons  t o  appear i n  shock-heated argon, a t  a threshold 
approximately four  v o l t s  below t h e  i o n i z a t i o n  p o t e n t i a l  of argon,  were €€+ and O+, 
presumably from a very l o w  l e v e l  wa te r  impur i ty .  

The technique of  p repa r ing  equ i l ib r ium samples a t  e l eva ted  temperatures ( a s  w i t h  
ref lected s h c ~ k s )  and queiiiiiing them so r a p i a l y  t h a t  one may s tudy  k i n e t i c  processes 
which occur  dur ing  the  c o o l i n g  pa th  h a s  not  a t t r a c t e d  many devotees ,  although 
expansion through a smal l  a p e r t u r e  i n  the  end wa l l  of a shock tube f o r  sampling 
purposes is being used by mass s p e c t r o m e t r i s t s .  To avoid boundary l a y e r  problems 
and to achieve  very r a p i d  c o o l i n g ,  Wilson(") i n s e r t e d  a p a i r  of d ivergent  a i r f o i l s  
i n  a shock tube ,  s o a a t  the  i n c i d e n t  shock passed through a double Prandtl-Yeyer 
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expansion. 
oxygen atoms at elevated temperatures, and is currently being'developed in our 
laboratory for investigating condensation processes in metal vapors produced under 
supersaturated conditions by shock-heating metal carbonyls. 
by the interaction of the contact surface with the reflected shock was used for a 
kinetics study of the ass ciation of CN radicals.prepared by shock-heating C2NZ/Ar 
mixtures to about 2 0 0 0 ° ,  
It was found that the rate of CN disappearance was first order in CN and first order 
in C N 
tion2 ,2m 29 10. Finally, a rapid-quench sampling probe for 'non-equilibrium air flows 
has been described by Stoddard and Watt(22) in which a small sample scooped from the 
free stream region in a shock tunnel is rapidly cooled by contact with the walls of 
an explosively sealed probe, 

This setup was used effectively for measuring the recombination rate of 

%e expansion generated 

the CN concentration was followed spectrophotometrically. 

(or CmNm polymers), and that the average polymer number under these condi- 

An example of interesting results obtained from use of combined techniques is 
the. glow tube described by Hartunian, et(23) in which a steady-state concentra- 
tion of reactive species is prepared in a glow-discharge flow system,.and fully 
characterized (at room temperature). The plasma is then subjected to a shock, 
initiated by rupture of a diaphragm upstream from the rf source. Typically, the 
shock strength is less than that which causes further dissociation; the shock 
compresses, heats and accelerates those species which are already present in the 
glow tube. Thus, a means is provided for studying the temperature dependence of 
the gas phase recombination processes and of chemiluminescent reactions. This 
combination provides a considerable extension of atom fluxes for study of kinetic 
processes. In contrast to heating with shock waves, Petrella describe 
a combination flash photolysis-flash pyrolysis system in which heating is 
accomplished by the comparatively slower process of allowing the gaseous sample to 
contact a flash-heated solid grid. 

References to several current analyses on the non-ideal behavior of shock tube 
operation are listed in Table 11, while Table I11 is a summary of papers in which 
the measurement of ionization cross-sections and of optical oscillator strengths 
are discussed. 

MEASURElYIENT AND CONTROL OF VIBRATIONAL STATE POPULATIONS 

During the past two years much effort has been devoted to the study of the 
excitation of vibrational modes due to intra- and inter-molecular energy transfer 
processes. For many decades it has been accepted by kineticists that the measured 
reaction rate constants depend on the facility for energy transfer between the 
various parts of reacting molecules when in the transition state. The mere 
difficulty of properly estimating the density and symmetry character of the highly 
excited states even in simple systems, led to an attitude of futility, as expressed 
by the observation that there seems to be little relation between the states of 
interest to chemical kineticists and the transition probabilities measured for 
low-lying vibrational states. 
the measured rate constants may be calculated from measured vibrational relaxation 
times. The basis for the current activity is in part due to the recognition of 
the presence of strong coupling between vibrational modes and dissociation, and in 
part to the current explosive development in laser technology. 

However, several examples are now known for which 

It has been known for several years that vibrational relaxation times for small 
molecules containing hydrogen atmos are much shorter than those predicted on the 
basis of the Slawsky-Schwartz-Herzfeld theory, and the observed relaxation times did 
not fit the correlation diagram proposed by Millikan and White. For example, the . 
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vibrational relaxation times for HC.f?, DCJ and HI measured by the spectrophone 
method(43) (at room temperature) are consistent with the high temperature data 
(infrared emission from shocked gases at z ! O O O " ) ( ~ ~ )  in that the relaxation times 
were several orders of magnitude shorter than those predicted by the SSH theory. 
They are in better agreement with Cottrell's vibration-rotation theor~(~5). That 
rotational motion plays a role in exciting vibrational states was demonstrated by 
Millika~~(~') who measured the relative rates of collisional deactivation of 
vibrationally excited CO by ortho and para hydrogen. Another example of the 
inadequacy of the SSH theory are the vibrational relaxation times for H2-Ar, 
H2-H2,  D - A r ,  D -D  These data are better 
accountei for by Parker's semi-classical theory(47) with an angle-dependent 
potential used for calculating both rotational and vibrational relaxation times. 
Even though there is agreement for collision numbers with argon and krypton as 
collision partners, there remains an order of magnitude disagreement for self 
collisions of H2 and D2. 
rotational-vibrational interactions and resonance collisions was given by R C. 
Millikan;(48) a simple two-parameter model was developed by C. B .  Moore.(4gj 

reported by Kiefer and Lutz'"). 
2 2  

A good summary of relaxation processes involving 

2 The relaxation of NO X l7 (v = 1) in D2S, H 0, Q S ,  D 2 0  and CH4 was investi- 
gated by microwave-flash pulse-flash spectroscopy. (50? Deactivation by all the 
hydrides was very fast compared with the rate of self deactivation. The rate co- 
efficient showed a systematic variation with the minimum energy which had to be 
converted to translation. The authors propose that the uniformly fast relaxation 
by the triatomic hydrides may arise from the formation of an intermediate complex 
between NO and the H S or H 2 0 .  However, this does not account for the effect 
of isotopic substitution. For comparison, helium is$+jO.l as effective as NO, 
which in turn is%O.Ol as effective as H2S. 

The vibrational.relaxation of oxygen in the presence of small amounts of 
me thane (0.5% to 1.6%) was measured at room temperature by ultrasonic techniques. (51) 
The relaxation frequency did not vary linearly with the methane concentration. It 
appears that translation-vibration excitation occurs only for methane, but that 
oxygen molecules become excited only by vibration-vibration transfer from the 
methane. 
quenching of carbon monoxide fluorescence by methane. (48p In contrast, for nitrogen- 
hydrogen mixtures (&2% Ha) White(52) 
fitted their systematical correlation diagram. 

2 

2 

A similar mechanism for energy transfer was re orted by Millikan in the 

found that the vibrational relaxation time 

The density profile at the shock front due to vibration relaxation in oxygen- 
was explored with the laser-schlierien technique, in pure oxygen and in oxygen-ozone 
mixtures. (53~54) Kiefer and Lutz report: 

p.i 

" T < ~ 2 - ~  j 

= (2. 92 i 0.20) x 

I- !-1.35 * 0. 19) x i 0  - 17 ,75  0.81) r. 10 T, atm. sec. 

exp [(I%. 0 rt.0. 4,i.T1'3], atm. sec. 
-12 (02-@2j  

.. 3 

The latter is the deduced value for oxygen molecules 
atom. 
effect, possibly similar to those previously suggested for the CO2-H2O system and 
C0-Cl2 systems, but more likely due to atom exchange: (55) 

dilute in an atmosphere of 
Tnase cieariy differing temperature dependencies indicate a strong chemical 

o2 + O ' + O  + 00'. 
Measurement of the vibrational relaxation times in nitrogen presents an 

interesting case history. Sodium-spectrum line-reversal measurements for N2 in 
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normal shocks gave vibrational relaxation times which checked well with inter- 
ferometershock tube investigations, (Extrapolati,on to temperatures below 1500°K 
gives Values which are orders of magnitude higher than sound dispersion and impact 
tube results.) However, when the line reversal technique was used to scan the 
vibrational non-equilibrium produced in supersonic expansions of undissociated 
nitrogen from reservoir temperatures 2800-4600’K (15’ axi-symnietric nozzle, coupled 
to the end of a shock tube), the probability fo r  de-excitation appeared to be 

* 5 0  times greater.(56) This short relaxation time has now been confirmed by 
following the CO vibrational relaxation (introduced as a tracer in the expanding 
nitrogen stream), and by the electron beam techngque in a low density non-steady 
expansion. For a while it was believed that the rapid relaxation,was d e to 
impurities present in the reservoir.gas, but this was proven untenable ‘57) A 
plausible explanation has now been proposed by Treanor and coworkers. (”) 
point out that inadequate consideration has been given to effects of anharmonicity 
on vibrational relaxation for vibration-vibration exchange dominated regimes. 
When the translation temperature is quite low and the vibrational energy content 
is high (as in a rapidly expanding nozzle flow) vibration-vibration exchange 
introduces a slight but definite non-Boltzmannian vibrational population distri- 
bution. In such a case the population of the lowest vibrational level may be 
considerably lower than what it would be if the system were to relax through a 
sequence of Boltzmann distributions, thus indicating an apparent rapid relaxation 
time. Current experiments at CAL on the vibration relaxation in expanding nozzle 
flows for CO parallel the above observations reported f o r  nitrogen. It is 
interesting to note that for the ascending path, i.e., the vibrational excitation 
of nitrogen, as fo lowed by monitoring the v”=9 level (U.V. absorption at 1176A), 
the recorded timest5’) are consistent with the Shuler-Rubin-Montroll theory that 
the populations of vibrational levels relax via a continuous sequence of 
Boltzmann distributions (3000°-55000K). For temperatures in excess of 5500°K, 
the local value for the characteristic relaxation time ($) becomes increasingly 
dependent on the degree of vibrational excitation. 

They 

A large amount of attention is currently being devoted to studies of the 
vibrational relaxation processes that occur in carbon dioxide. One must consider 
not only intermolecular energy exchange (V-T) and (V-V) with various colliders for 
C02 molecules in its different vibrational states, but also vibrational energy 
redistribution in C02 molecules due to collisions with ambient gases. To date 
ultrasonic dispersion studies have uncovered only three gases which show two 
dispersion frequencies: SOz, CI$CJ,, and CzH6. Many shock tube investigations 
have shown that the vibration-translation relaxation in C02 follows a single 
relaxation time. On the basis of careful measurements of the variation of density 
behind incidenF6@ock waves in carbon dioxide, up to temperatures 2500°K, 
Simpson, report that only a single relaxation time is discernable even 
though the density behind the shock front does not change strictly exponentially 
with distance; the departure is due to changes in the translational temperature 
which must accom any the relaxation process. A similar conclusion was reached by 
Weaner, who made simultaneous measurements of the f l o w  density with a 
Mach-Zehnder interferometer at the shock front and of the infrared emission at 
4 . 3 ~ ”  While the emission intensity monitored the population of the93 level, the 
density provided a measure of the energy flow into all the vibrational modes. The 
single relaxation time was thus interpreted as evidence that equilibrium among all 
the vibrational modes was attained within the rise.time of their detector (1.5CIsec). 
However, the situation gets more complicated when one considers (V-V) energy 
transfer. 

Moore and coworkers(62) measured decay curves of laserexcited vibrational fluorescence 
from the (00’1) level of C02 (asym. stretch), as dependent on the admixed gases. H e  
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deduced (V-V) t r a n s f e r  r a t e s  a t  room temperature which ranged from 15 .5  atm-psec 
f o r  H e  a s  a c o l l i s i o n  p a r t n e r ,  to 3.76 ( s e l f ) ,  to 0.34 (H2) t o  0.055 (H20). 
son ic  da t a  g ive  r e l a x a t i o n  t i m e s  f o r  t h e  (01'0) l e v e l  (V-T). 
f o r  s e l f  c o l l i s i o n ,  C02 6 . 8  2 .3 a tm-kec ;  w i t h  H e  (0.39), H2 (0.015) and H20 
(0.0030). They a l s o  deduced t h e  energy t r a n s f e r  p r o b a b i l i t y  f o r  t he  r e a c t i o n .  

C02 (OOol )  + N Z ( 0 ) - +  C02 (OOOO) + N2(1) 

U l t r a -  
Corresponding va lues ,  

t o  be (2.0 _+ .4) x The s i g n i f i c a n t  c a t a l y t i c  r o l e  of water f o r  C02 l a s e r  
ope ra t ion  is now ev iden t  
shock tube m e a ~ u r e m e n t s ( 6 ~ )  with very s h o r t  response time d e t e c t o r s  show corn a rab le  
d i f f e r e n c e s  between t h e  s e v e r a l  r e l a x a t i o n  processes .  Taylor and bitter ma^^''^) 
have prepared an exhaus t ive  survey of  v i b r a t i o n a l  r e l a x a t i o n  da ta  f o r  processes 
important i n  the  C02-N2 l a s e r  system. 
a s  deduced from u l t r a s o n i c  measurements has  been published by Lambert. (c5) 

A t  e leva ted  temperatures over  t h e  range 800 t o  3000'K 

A b r i e f  review on (V-V) t r a n s f e r  e f f i c i e n c i e s  

UNSOLVED PROBLEMS I N  THE DISSOCIATION OF SMALL MOLECULES 

One of the  b a s i c  problems i n  chemical k i n e t i c s  is t he  d e t a i l e d  a n a l y s i s  of the 
processes  which occur when i n  diatomic molecules a r e  d i s s o c i a t e d  thermal ly  but 
homogeneously. Although a q u a l i t a t i v e  d e s c r i p t i o n  has  been given decades ago, i t  
was not  poss ib l e  to  perform t h e  experiments nor  t o  test d e t a i l s  of t he  theory u n t i l  
t he  advent of  shock tube  techniques .  One of t he  e s s e n t i a l  f e a t u r e s  requi red  is the 
p o s s i b i l i t y  t o  s e p a r a t e  i n  t i m e  the  v i b r a t i o n a l  e x c i t a t i o n  processes  from the  
d i s s o c i a t i o n  s t e p s .  I t  is now evident  t h a t  convent iona l  k i n e t i c  d e s c r i p t i o n s  a re  
not  adequate.  For example: The d i s s o c i a t i o n  r a t e  of very pure hydrogen a t  low 
concen t r a t ions  i n  argon (O.Ol%-l.ock) has  been measured by Watt and Myerson(66) using 
atomic absorp t ion  spectrophotometry (Lymandl ine) .  An Arrhenius p l o t  f o r  the 
bimolecular r a t e  cons t an t  g i v e s  an  a c t i v a t i o n  energy of 94.5 kca l  over t h e  t e m -  
pe ra tu re  range 2200'K. These r a t e s  a r e  approximately a f a c t o r  of f i v e  lower than 
r a t e s  repor ted  by previous  i n v e s t i g a t o r s ,  presumably because t h e i r  samples were 
contaminated with s l i g h t  amounts of oxygen which acce le ra t ed  t h e  d i s s o c i a t i o n  r a t e  
through the  r e a c t i o n . 8  + 0 2 + O H  + 0, followed by 0 + H2'*OH + H. For c o n t r a s t  
Hurle repor ted  about a year  h i s  s t u d i e s  of d i s s o c i a t i o n  r a t e s  i n  hydrogen- 
argon mixtures  (20% t o  60% H ) covering t h e  temperature range 2500' t o  7000°K, 
based on the  Na-spectrum l i n e - r e v e r s a l  technique f o r  temperature measurement. He 
then deduced degrees of d i s s o c i a t i o n  a s  a func t ion  of  time (or d i s t a n c e  behind the 
shock f r o n t ) ,  and was a b l e  t o  a s s ign  r e l a t i v e  e f f i c i e n c i e s  t o  A r ,  €I2, and B atoms a s  
c o l l i d e r s :  When h i s  r e s u l t s  w e r e  converted to recombination r a t e  cons t an t s  i t  
appears t h a t  H2 is s e v e r a l  t imes more e f f i c i e n t  than argon a s  a chaperon f o r  t he  2H-b 
H 
ZdH H atoms a s  chaperons appea r s  t o  be equal  t o  t h a t  of li 
5500'K but  a s  the  temperature is lowered t h e  e f f i c i e n c y  rises sha rp ly  and a t  3000" 
i s  about 30 times g r e a t e r  than  t h a t  f o r  K 2 .  
f o r  temperatures below 2500'K t he  e f f i c i e n c y  drops  aga in  and t h e  room temperature 
H atoms may be only t h r e e  t i m e s  a s  e f f e c t i v e  a s  

2 

recombination but bo th  show an approximate T-l dependence. However, t h e  e f f i c i e n c y  
f o r  tempera tures  above 2 

Furthermore,  t h e r e  a r e  i n d i c a t i o n s  tha t  

3. 
.." ine io i iowing  obse rva t ions  are i y p i c a i  vi m u s t  ui the hviiiuaiumic diatoiii 

d i s s o c i a t i o n  processes . (W) I n  a l l  cases  the  s e l f  atom is much more e f f i c i e n t  
f o r  t he  d i s s o c i a t i o n - a s s o c i a t i o n  s t e p s  as  a chaperon than is t h e  molecule or an 
i n e r t  gas .  That is no t  s u r p r i s i n g  s i n c e  t h e r e  a r e  s t r o n g  i n d i c a t i o n s  t h a t  t he  
v i b r a t i o n a l  e x c i t a t i o n  e f f i c i e n c  of t h e  s e l f  atom a s  a c o l l i d e r  is g r e a t e r  than 
of any o t h e r  molecular s p e c i e s .  w4155)  However, i t  is d i f f i c u l t  t o  expla in  t h e  
observed temperature dependence of  t h e  atom-chaperon r a t e  cons t an t s ;  they do no t  
f i t  i n t o  t h e  scheme propoaed by Keck under the  " v a r i a t i o n a l  theory of r eac t ion  
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rates."(69) 
boundary conditions for the theories which will be developed; in this instance, 
data on deuterium are needed to check the effect of mass (possible tunnelling). 

I believe it is essential for the experimentalists to provide 

Recent publications describing dissociation rate studies of various diatoms 
are listed in Table IV. Inspection of such data shows that for the homatomic 
diatoms, simple Arrhenius plots gives lines with a slope for effective activation 
energies which are 7 to 10 kcal lower than the spectroscopic values. This is 
believed to be due to a statistical factor, i.e., the depletion of the upper 
vibrational states due to the slowness of the recombination reaction (3 body) 
such that their populations fall below the Boltzmann value calculated for the 
ambient translational temperature. This explanation is clearly not adequate to 
account for the'much larger departures between the effective activation energies 
deduced from Arrhenius plots and the spectroscopic Do's for the hydrides HF, HCB, 
and EL!. The dissociation rate of HF in shock waves has been studied in two 
laboratories. 
fitted by least squares, the bimolecular rate constant was well represented by kd = 1014. 14 
kd = 101*.16 exp(-113,700/RT). 
followed the rate of reaction by recording the IR emission intensity behind 
incident shocks while Spinnler looked at absorption behind reflected shocks. A 
larger discrepancy has been re orted for HCa and LC.8 by Jacobs and coworkers(78) 
and confirmed by Fishb~rne.(~'~ The observed apparent activation energy is 70 
kcal for both gases while the spectroscopic values are 102 for HCI and 103 for 
DCe. 
a T1 or T2 pre-exponential factor, when the resulting coefficient has a magnitude 
of over 1021 in units of cm3 mole-1 sec-1. 

When the data published by Jacobs et(76) were replotted and 

exp(-108,600/RT), cm31nole-~sec-~. Independently Spinnler (77) found 
The close agreement is striking, since Jacobs 

It does not make sense to try to force these data to a rate expression with 

In summary, considerable progress has been made in formulating an appropriate 
statistical mechanics for a dissociation reaction in a thermal bath, in which 
cognizance is taken of the departure from Boltzmann distribution in the upper 
vibrational levels. ( 8 ' )  
tion probabilities for molecular encounters which produce dissociation. No 
explorations have been undertaken of the sensitivity of such probabilities @the skpeuf 
the interaction potentials but it is established experimentally that diatoms are 
specially sensitive to the self atoms as colliders. 

Virtually no progress has been made in calculating transi- 

THE HOMOGENEOUS PYROLYSIS OF POLYATOMIC MOLECULES 

While the theoretical underpinnings of current collision theories for diatom 
dissociations are of dubious dependability, there are even more questions regarding 
the interpretation of rate data for triatomic fragmentations. The minimum activation 
energy anticipated for the first step is the thermochemical value minus some cor- 
rection for the depletion effect due to depopulation of the upper vibrational 
levels. 
the corresponding A E ~ ,  in full agreement with results obtained by conventional 
kinetics; there are several systems in which EA was slightly less thanAE;,oas 
expected, but there are a disturbing number of studies which led to E A e A  ET by 
25-50 kcal/mole. 

Shock tube data for one case (N2O) gave an EA value which was greater than 
0 

The molecule which has been subjected to the most intensive investigation has 
been nitrous oxide. The homogeneous unimolecular decomposition (high dilution in 
argon) was studied in both the low and high pressure regimes. Shock temperatures 
were 1300' to 2500DK, and pressures between 0.8 and 300 atm (concentration range 
5 x 10-6-2 x 
compression and the overall results may be summarized in the following 
-quations: 

mol s per liter)(81) This pyrolysis was also studied in an adiabatic 
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11.1  -1 [High pressure limit: 10 exp(-59,5OO/RT), sec J 

N20 + 0 --F k2 2 NO k3/kz 3 f 1 

N , O + O - - - - r N  kg +'02 ( k 2 + k  ! ~ ( 2 . 4 f 0 . 8 ) x 1 0 1 ~ c m  3 mole -1 sec -1 

L 2 3 at 1800%. 

The pyrolysis of the N 0 was also studied with a shock tube leaking into a 
quadruple mass filter.ql7) 

At the AQARD Colloquium, Troe and Wagner(") proposed a general treatment 
for the dissociation of small molecules, as a semi-quantum mechanical extension Of 
unimolecular reaction rate theory. They considered both tri- and tetra-atomics 
and divided the former into two groups, those which follow spin-allowed dissocia- 
tions and those which require a net change in spin. The latter include N 0, CS2, 

first step in the decomposition of 0.001% CS in argon was observed, completely 
isolated from the consecutive reaction S + Cg2+ CS + S2, using a W absorption 
technique. They also studied the rate of dissociation of SO2 at concentrations 
below 0.3% in Ar, and of very dilute mixtures of water. The spin-forbidden 
dissociations approach their high pressure unimolecular limits at a few hundred 
atmospheres, but this condition cannot be reached for melecules which dissociate 
to the ground state atom species, as does %O. 
when one observes the rate of disappearance of water, say from its emission 
intensity in the infrared at concentrations 0.02% to 0.2%, the rate constant is 
given by k&i = (Ar) 101412exp(-105000/RT), ~m~mo1e-lsec-l. Here, as in the case 
of SO2, over the temperature range 2700O to 4000°, the measured rate is twice the 
magnitude for the first step, because the initial dissociation of the water is 
followed by the very rapid reaction, H + H20+OH + €I2. Above 4500°K only the 
first step is recorded, since all the subsequent steps are very rapid and the first 
step essentially controls the overall OH production. However, if the course of the 
reaction i5 followed by recording the amount of OH produced, (OH absorption at 
3063A")(85) the energy activation is about 50 kcal/mole. 
the Obttingen investigators. 
centrations the initial dissociation step is followed by a host of radical chains 
which involve OH; these are so rapid that they control the overall rate of its 
appearance. 

. and C02. This analysis was amplified by Olschewski, Troe and Wagner. (841 The 

It is interesting to note that 

This was confirmed by 
Clearly, at the lower temperatures and higher con- 

One of the triatomic molecules which produces a product in an electronically 
excited state is CO . 
temperature range 680O0-110OO0K (1% in Ar) . 
infrared emission intensity a t  2;? and 4:3.&: Hie re_sults were eese~tielly C C E ~ ~ ~ E P ~  

by E. S. Fishburne and coworkers(87) (3000-5000DK; 1% to l m  in Ar or N2). 
results are: 

Davies(86)reported that his shock tube study covered the 
Dissociation was monitored by the . 

Their 

11 1 11 f kAr =7.1lxlO TLexp(-84500/RT); k = 5 . 3 3 x 1 0  Tzexp(-79000/RT), ~ r n ~ m o l e - ~ s e c ' ~  

The thermochemical dissociation energy is 125.3 kcal/mole. 
gators. also studied C02 but at low concentrations and very high pressures in Ar. 

N2 

The Ggttingen investi- . 



-1 They report a preliminary rate constant, kMm 2 x 101lexp(-lll,OOO/RT), sec 
which they found to be practically indepenxent of the argon concentration at levels 
of 5 X lo-'' moles/cm3. 
Of 1% or higher and modest Ar pressures permits steps subse uent to the first to 
confuse the dissociation process. 
bimolecular rate constant for CS2 to be: 
cm3mole-lsec-1. 

, 

Thus, in this case also, the use of reagent concentrations 

Olschewski and coworkersq88) also found the 
kb = ( A r )  1015.56 exp(-80,300/RT), 

Other tri- and tetra-atomic species have been studied but not with the care 
devoted to the few molecules listed above. All of these show apparent activation 
energies considerably lower than the corres onding 
These include HCN, (89) NH3('') NF2,('l) C2N2P92) and others. 

The following is a brief discussion of pyrolysis investigations of mor: 
complex species. Mass spectrometer and spectrophotometric detection (X2536A) 
of the decomposition of fluoroform on shock heating to 1600°-22000K was reported 
by Modica and LaGraff.(g3) As anticipated, the first step appears to be splitting 
of the molecules to HF and CF , for which the limiting high pressure rate constant 
is 7.03 x exp(-58,480/RT), sec-l. At pressures 0.29 atm they assumed 
that the reaction had attained the second order limit. 
into difluorocarbenes has been previously studied using Ar as the diluent; Modica 
and LaGraff(g4) repeated this work with N 2 ,  in reflected shocks (1200°-16000K). 
There is a difference in that during the course of the reaction the nitrogen was 
vibrationally unrelaxed. In turn, the CF2 radicals generated facilitated 
vibrational relaxation such that in a 1% tetrafluorethylene-nitrogen mixture the 
relaxation time was a factor (10-50) less t an in pure nitrogen. Finally, on 
shocking mixtures of C2F4 and NO, Modi~a(~'~ concluded from mass spectra and W 
absorptions that over the temperature interval 160O0-250OoK, there were the 
reversible reactions: C2F4$ 2 CF2; CF + NOSCF2N0. Above 250OoK, 2 CF2NO+ 
2 CF20 + N2. 
event. 

The dissociation of C2F4 

He does believe that the fatter reaction occurs as a bimolecular 

An extensive investigation of the interconversion of fluorocarbons in shock 
tubes has been reported by Bauer and coworkers.(96) 
to 3% in argon of perfluorinated ethylene, cyclopropane, cyclobutane, cyclohexane, 
propene and butadiene were investigated in a single-pulse shock tube. The 
reaction mixtures were maintained for about 1 millisecond at specified temperatures 
and rapidly quenched. Plots of product distribution as a function of reflected 
shock temperatures were prepared. For example, a product distribution plot for 
perfluoroethylene shows the initial production of cyclobutane, its rapid decline at 
1000°K with a concurrent rise in the amount of propene and cyclopropane, followed by 
a slow rise in the production of butene-2. These products pass through a maximum 
between 1800 and 1900°K, and then decline. Above 2100°K, decomposition of 
perfluoroethylene leads to products which are not preserved in the gas phase. All 
the products observed may be accounted for by simple sets of fragmentation steps 
in which CF2 is the dominant radical. 
is in striking contrast with the still unresolved complexities of the kinetics 
of the C/H system; the crucial differences are (a) the relative ease of migra- 
tion of hydrogen atoms and (b) the high stability of the CF radical. Thus, C/F 
compounds pyrolyze by breaking C-C bonds, but there is littye rearrangement in the 
free radicals due to F atom migration. 

coworkers . f 9 7 )  
pressures of 225 to 1600 torr. Products of pyrolysis were analyzed by leaking into 
a mass spectrometer. The reported rate law shows unit order dependence on ethylene 
and half order dependence on neon. 

Mixtures ranging from 0.5% 

The kinetic simplicity of the C/F system 

The p rolysis of ethylene highly diluted in neon was investigated by Gay and 
The temperature range covered 1710°-21700K in reflected shock with 
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These r e s u l t s  may be f i t t e d  e q u a l l y  w e l l  by a unimolecular process  and by a f r e e  
r a d i c a l  cha in  mechanism. However, t h e  l o w  a c t i v a t i o n  energy is d i f f i c u l t . t o  explain 
s i n c e  i t  i s  only s l i g h t l y  l a r g e r  than the d i f f e r e n c e -  between t h e  e n t h a l p i e s  of 
ace ty lene  p lus  hydrogen and of e t h y l e n e  a t  t h e  r e a c t i o n  temperatures .  

Wing Tsang is c o n t i n u i n g  w i t h  h i s  s ing le-pulse  shock tube s t u d i e s  of the  thermal 
decomposition of l o w  molecular  weight. a lkanes and a lkenes .  (98*99)  
d i f f i c u l t i e s  i n h e r e n t  i n  s i n g l e - p u l s e  shock tube techniques a r e  minimized i n  t h i s  
work, s i n c e  he measures comparat ive r a t e s ,  us ing  the unimolecular  d e c y c l i z a t i o n  of 
cyclohexene a s  an i n t e r n a l  s t a n d a r d .  

Many of the  

k (C H -$ C2H4 + 1,3-C4H6) = 10 15*02 exp(-66,700/RT), sec-l. 
u 6 10 

H i s  r e s u l t s  a r e  summarized i n  Table  V ( taken from Table  11, r e f .  99 ) .  The p o s s i b i l i t y  
of ex tending  the comparat ive r a t e  method t o  o t h e r  types  of r e a c t i o n s  is i n t r i g u i n g ,  
bu t  i t  appears  t o  be d i f f i c u l t  t o  apply t o  o t h e r  than unimolecular  decompositions. I t  
i s  e s s e n t i a l  t h a t  t h e  r e f e r e n c e  r e a c t i o n  remain unaf fec ted ,  and n o t  p a r t i c i p a t e  i n  t h e  
r e a c t i o n  be ing  s t u d i e d .  When f r e e  r a d i c a l s  abound, the p o s s i b i l i t y  of maintaining 
p a r a l l e l  but  independent p a t h s  f o r  concurrent  r e a c t i o n s  is  small  indeed. 

BRIEFLY ON HOMOGENEOUS A ' I W  EXCHANGE PROCESSES 

There a r e  very f e w  c l e a r l y  e s t a b l i s h e d  g a s  phase r e a c t i o n s  of the  type 
AB + Xz+ AX + BX; t h o s e  which a r e  known do n o t  fol low t h e  s imple r a t e  expression 

I t  should be noted t h a t  t o  force t h i s  r e a c t i o n  to follow a molecular  mechanism (4- 
c e n t e r  t r a n s i t i o n  s t a t e )  i t  must be c a r r i e d  o u t  under s t r i c t l y  homogeneous condi t ions 
(no h o t  w a l l s ) ,  a t  t h e  lowest p o s s i b l e  temperatures ,  t o  minimize c o n t r i b u t i o n s  from 

X 
t i e  homogeneous four -center  r e a c t i o n  H + D have been repor ted  over  a year  ago, a s  
was t h e  exchange r e a c t i o n  between CH4 Znd D2.(100p lol) H e u r i s t i c  r a t e  expressions 
for these  systems a r e  summarized i n  Table Vf. 
can be r a t i o n a l i z e d  by assuming t h a t  exchange occurs  w i t h  h igh  p r o b a b i l i t y  only 
d u r i n g  the encounters  between p a i r s  of diatoms,  one of which is v i b r a t i o n a l l y  exc i ted  
t o  a state approximately 0 .4  of  t h e  way to  d i s s o c i a t i o n .  I t  appears  t h a t  the  
p r o b a b i l i t y  f o r  meta thes is  i s  l o w  when molecules i n  low-lying v i b r a t i o n a l  s t a t e s  
c o l l i d e ,  even when the r e l a t i v e  k i n e t i c  energy a long  t h e  l i n e  of  c e n t e r s  (p lus  
v i b r a t i o n s )  exceeds t h e  a c t i v a t i o n  energy. Support f o r  this  mechanism is provided 
by approximate c a l c u l a t i o n s  of t h e  pre-exponent ia l  term f o r  t h e  exchange r a t e  
c o n s t a n t  from v i b r a t i o n a l  r e l a x a t i o n  d a t a .  

wsl 2 X ;  X + AB+AX + B; AB + X+A + BX. The r e s u l t s  of  a shock tube study of 

These r e s u l t s ,  a l though unexpected, 

These simple r e a c t i o n s  p r e s e n t  a cha l lenge  t o  t h e  t h e o r i s t .  The only calcu-  
l a t i o n ( l o 6 )  which h a s  been made of t h e  t r a n s i t i o n  p r o b a b i l i t y  f o r  exchange a s  a 
f u n c t i o n  of  v i b r a t i o n a l  e x c i t a t i o n  (H2 + H2) does show t h a t  t h e  p r o b a b i l i t y  increases  
r a p i d l y  with v i b r a t i o n a l  e x c i t a t i o n .  However, i t  does n o t  d o  so r a p i d l y  enough to 
overcome t h e  lower popula t ion  of the v i b r a t i o n a l l y  e x c i t e d  s t a t e s  a s  cont ro l led  by the  
Boltzmann term. I n  t h i s  c a l c u l a t i o n ,  the  r e p r e s e n t a t i v e  p o i n t  f o r  t h e  c o l l i s i o n  
e v e n t  mo.ves i n  a c l a s s i c a l  t r a j e c t o r y ,  but  t h e  p o t e n t i a l  s u r f a c e  was obtained by a 
semi-empirlcal quantum mechanical procedure. We can o n l y  reach  t h e  conclusion t h a t  
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apparently classical collision theory is not adequate. This is supported by the 
observation that in the vibrational excitation of homoatomic diatomic molecules 
the self atoms have a very high efficiency for vibrational excitation and for 
dissociation, but these effects have not yet been deduced theoretically. 

SHOCK TUBE STUDIES OF COMBUSTION REACTIONS 

Shock tube investigation of ignition delays is continuing at a modest level. 
The emission of visible light was used as a criterion for ignition in estimating 
delays as the function of temperature and composition for propane and methylcyclo- 
hexane. (Io7) 
ethylene, trifluoromethylbromide, and 1,2-C2F4Br2 was measured over the temperatures 
970°-13000K. (Io8) 
at the 3090-31005( band pass for OH, while the induction time was defined as that 
between the arrival of the reflected shock at the window and the time at which 
emission reached a maximum. The compounds listed inhibit ignition by reacting 
with the hydrogen atoms and other radicals which propagate the chain, but it is not 
essential that the additives first decompose. As for the initiation step of the 
branching chain for the H2/02 reaction, Ripley and Gardiner(lo9) showed, by com- 
paring experimental ignition delays with those calculated utilizing a full set of 
reactions, that initiation by a path other than diatom dissociation must occur. 
They proposed the exchange reaction H2 + 02+2 OH as one which would account for 
the data. 

Inhibition of the hydrogen-oxygen reaction by small amounts of methane, 

Ignition was detected photoelectrically from the light emitted 

Gardiner and coworkers(l2’have effectively used the laser-schlierien technique 
for measuring density gradients and correlating the time profile for chemiluminescence 
with that for heat release in the oxidation of acetylene. They found that the OH 
absorption appeared at the end of the combustion, and that the OH profile was not 
directly related to the induction period chemistry. Apparently the OH profiles were 
related to the approach to partial equilibrium, including the reaction OH + CO%CO:, + H. 
The formation of C-0 bonds at partial equilibrium conditions indicates that the heat 
of reaction is liberated without recombination steps, in contrast to the thermal 
sequence which is followed in the H2 + 0 
been investigated by Homer and Kistiakowsky(llOtlll) who recorded emissions by C8 and 
CO in the infrared, and compared them with the W emission at the band head 433A 
( A E A  - x271 ) transition for CH. 
that the time constants for CO and C02 were identical; that the reaction CO + OH 
CO + H does not apply to the initial stages of oxidation. They demonstrated that 
the time constant for CO emission was twice that for CH*, which supports those mecha- 
nisms wherein CH* is produced by second order processes in the chain, such as 
C2 + OH-bCO + CH*. 
C H 

reaction. The C H /O reaction has also 2 2 2  2 

They concluded on the basis of the observation 

2 

These results are not in disagreement with the mechanism for 
combustion proposed by Glass S . ( ’ l 2 )  

A large amount of shock tube data has been assembled on the oxidation of 

2 2  

ethylene.(ll3) Chemiluminescence by CH* revealed induction periods, followed by 
exponential rise of the signals. Measurements of time-dependent species composition 
with a TOF mass spectrometer can be represented by a rather complex reactionscheme, 
based on branching chain oxidation steps. The most abundant chemi-ions were C H + 3 3  
and H30+. 
was followed in the study of the pyrolysis and oxidation of formaldehyde in shock 
waves.(ll4) 
inert gas. There is a tempera ture-dependent induction period. Experiments wi th 
formaldehyde-d2 show that the pyrolysis proceeds by a radical chain mechanism. 
formation of the radical H3C0 has been detected. The observed activation energy 
( 2 8  kcal/mole) is surprisingly low but is consistent with many other low values 
observed for initial stages of pyrolytic reactionsas measured in shock tubes. The 

The mechanism proposed for C2H4/02 is tentative. A similar technique 

The pyrolysis shows first order dependence on the formaldehyde and on the 

The 
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first stage in the oxidation consists mainly of the decomposition of'c 0 into co 
and €I2, followed by a branching chain oxidation of the hydrogen as well as of the 
remaining formaldehyde. 

3 

The oxidation of ammonia under homogeneous conditions has been studied by 
Takeyama and Miyama.(ll5) When mixtures of NH3, O2 and Ar were shock-heated to 
temperatures 1550°-23000K, there was a delay in the.appearance of OH, and as in 
the case of the H /O 
of the temperaturz. 2Following the induction period, the early stages of the 
reaction were monitored by recording the W absorption by NH3 at 2245i. 

reaction, log (0,)r varied linearly with the reciprocal 

They found 

- d[NH3]/dt -- ko [NH3]le5 [02]0'5 

The apparent activation energy is 38.8 2 2.6 kcal/mole. 

The oxidation of hydrogen sulfide in shock waves(''') was observed t/y measuring 
the.goncentration of OH (in absorption) and of the generated SO# at 2909A and 
2812A. 
were recognized; below 1560°K, OH and SO2 appear concurrently after an induction 
period. 
chain mechanism, which at the higher temperatures includes the reaction 0 + H S-) 
SO + H 2 .  This provides an additional route for the formation of SO2 and leads to 
a reduction in its induction period. They also found that the addition of hydrogen 
did not alter the basic features of the hydrogen sulfide oxidation. Additional 
hydrogen did reduce the induction period for the appearance of SO and OH. The 
oxidation of H S is accelerated by hydrogen but the oxidation of gydrogen appears 
to be inhibite8 by HZS. 

The studies covered'the temperature range 1350O to 2450 K. Two regimes 

The authors proposed a branching Above 170ODK, SO2 appears before OH. 
2 

A single-pulse shock tube study of the oxidation of perfluoroethylene was 
referred to above. (") 
by comparative simplicity, in contrast to the many unresolved problems which remain 
in the area of hydrocarbon oxidations. The key feature is the rapid production of 
C F 2 ,  which reacts with the oxygen according to the following scheme: 

The mechanism of oxidation of fluorocarbons is characterized 

C2F4 

O2 

'ZF4 

CFZO 

C FO 

2 CF3 

C2F4 

0 

C2F6 

C FO 

t 2 C F 2  

- CF20 4 - 0  

- CF20 + CF2 

- CF3 + CFO 

- CF, + co 

2 C2F6 

-. C3F6 (propene) - CF20 + C2F4 

- CF4 

3 

c 

+ 'ZF4 - CF4 + co 

 AH^^^ (JANAF) 

kcal/mole 

+ 7 6 . 1  
~. 

- 5 2 . 4  

- 95.5 

-+ 3 8 . 4  

- 611 c: 
"V.  " 

- 92.8 
- 63.8 
-107.8 

- 17.0  

- 91: 
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This sequence accounts for the observed product distributions as functions of the 
temperature, for several compositions of ethylene and oxygen. The detailed con- 
firmation of the individual steps and their ,reaction rate constants will have to 
be obtained from mass spectrometric diagnostics. 

CONCLUSION 

It is amusing to attempt to pinpoint the salient features of shock tube chemi- 
cal kinetics. Among the many attractive ones, the most worthwhile in my opinion 
is the specificity in identification of transient species (and of states) on a 
time-resolved basis; the most troublesome is the lack of sufficiently precise tern- 
perature measurement; the most intriguing is the need to exploit sophisticated 
computer programs in order to unravel the coupling of reactions in a complex 
system. 
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TABLE V. Rate  Parameters  for the Fission of Simple Hydrocarbons 
(from ref. 99) 

Reaction 
Product  

CH3 

CH3qHCH3 

y 3  
CH3C-CH3 

C H2=C H - $H2 

CH3 

log1OA E A  

15.0 82. 8 

-. 

E A( kcal/mole 

42.26 f 2 . 1  

52.3 f 2 

39 f 3  

52.00* 2.2  

116 f 3  

37 4 

3 
CH3CHCH 

log1OA E A  

*(Ti)  
[moles/liter ] Ref. 

T 100 

1010.43 T 4 103 / 

108 T'z 102 

T a 101 

1010.82 104 

lo9 105 

16.0 80.2 

16.1 76.0 

16. 1 78.2 

16.2 73.0 

16.3 68.5 

I 

I 

1 
\ I  
) 

9 

2 )  
CH2=CH-$H 

log1OA E A  / 
I 

15.0 70.3 ,) 

15.7 67.9 1 
rl 

15.8 65.5 1 
14.2 59.3 d 

rc 
1 
I ,' TABLE VI. Summary of Molecular Exchange Reactions, In Shock Tubes 

i d[AX]/dt = k[ABla [X21p IArlr 

a P Y 

0.38 0.66 0.98 

0.47 0.98 0.61 

e0 C l  C l  

0 .3  1.1 0.6 

0.5 0.5 1.0 

0 .5  0.5 -1.0 
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